With recent advances in microarrays and sequencing it is now relatively straightforward to compare pre-mRNA splicing patterns in different cellular conditions on a genome-wide scale. Such studies have revealed extensive changes in cellular splicing programs in response to stimuli such as neuronal depolarization, DNA damage, immune signaling and cellular metabolic changes. However, for many years our understanding of the signaling pathways responsible for such splicing changes was greatly lacking. Excitingly, over the past few years this gap has begun to close. Recent studies now suggest notable trends in the mechanisms that link cellular stimuli to downstream alternative splicing events. These include regulated synthesis or degradation of splicing factors, differential protein-protein interactions, altered nuclear translocation and changes in transcription elongation.
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Alternative splicing and the signals that regulate it
In the last decade our knowledge in the field of alternative splicing has increased exponentially due to technical advancements such as splicing-sensitive microarrays and deep sequencing. These studies have revealed that nearly all human genes undergo some form of alternative splicing [1, 2] . Most typically, alternative splicing involves the differential inclusion or exclusion of a specific exon in different cell types or growth conditions, although all other imaginable patterns have been observed. including retention of introns, exclusion of a portion of an exon, and mutually exclusive inclusion of exons [3] . In each case, the pattern of splicing is generally determined by the binding of regulatory proteins to cis-acting auxiliary sequences that in turn control the location of binding and/or activity of the enzymatic complex at neighboring splice sites (Box 1). Importantly, any of these differential patterns have the capacity to alter the open reading frame of the resultant mRNA or alter the presence of cis-regulatory elements that control mRNA stability or translation. Therefore, the precise control of alternative splicing plays an essential role in shaping the proteome of any given cell, and changes in splicing patterns can significantly alter cellular function in response to changing environmental conditions [3] [4] [5] .
Fundamental differences in splicing patterns have been observed in epithelial versus mesenchymal cells, neurons before and after depolarization, heart tissue during development and in disease conditions, resting and activated T cells, cells during circadian rhythms and cells before and after initiation of apoptosis, to name but a few examples [6] [7] [8] [9] [10] . In all of these cases, at least some of the differential alternative splicing events have been shown to contribute to the functional outcome of the developmental or signaling processes. Over the past decade we have also learned much about various signaling proteins that catalyze post-translational modifications on splicing proteins, often in response to changes in cellular growth or environmental conditions (Box 2).
For many years, however, our knowledge of the functional consequences of the modification of splicing proteins, and the mechanisms by which signaling pathways lead to inducible changes in splicing, has lagged far behind. Excitingly, this is beginning to change and, although much remains to be learned, recent years have brought notable progress in our understanding of the mechanistic connections between signaling pathways and alternative splicing. In this review we highlight some emerging themes in the recent literature regarding how signaling pathways alter the activity of splicing regulatory proteins and/or the splicing process. Our focus will be on 'acute' (fast) signaling events rather than on differentiation programs or disease conditions, which have been reviewed elsewhere [11] [12] [13] .
Making and breaking of RNA-binding proteins: a prime way to regulate splicing Arguably the simplest mechanism by which a signaling pathway can affect alternative splicing is by altering the expression level of a crucial regulatory protein. Given the complexity of influences on a given transcript (Box 1), even relatively modest changes in the expression of one splicing factor can cause a shift in the balance of forces determining exon inclusion or exclusion. Signaling pathways are well documented to alter transcription programs through regulation of transcriptional activators such as nuclear factorkappa B (NF-kB), signal transducer and activator of transcription (STATs), nuclear factor of activated T-cells (NFAT) and many others. It is therefore to be expected that one consequence of signaling is the induced transcription of genes encoding SR proteins, heterogeneous nuclear ribonucleoproteins (hnRNPs) or other splicing regulators, which would alter the splicing of genes responsive to such factors. Such a mechanism has been proposed, for instance, to contribute to the signal responsive splicing of the gene encoding the receptor tyrosine phosphatase CD45 in response to the antigen stimulation of T cells. In this case, activation-induced skipping of CD45 exons 4 and 6 is driven by two proteins, PTB-associated splicing factor (PSF) and hnRNP L-like (hnRNPLL) [14] [15] [16] . hnRNPLL protein expression is increased several-fold upon T cell activation, with a corresponding increase in hnRNPLL mRNA. Thus, although formal proof is still lacking, induced expression of hnRNPLL is assumed to result from transcriptional regulation. Increased mRNA expression of additional splicing factors, such as the SR proteins SRSF1, 6 and 11, has also been demonstrated in response to T cell activation [17] . Furthermore, widespread differences in the mRNA expression of SR and hnRNP proteins has been observed in several differentiation processes [18, 19] , suggesting that this type of regulation is particularly efficient for establishing a long-term, and less reversible, splicing pattern in terminally differentiated cells.
Importantly, however, not all inducible changes in protein expression are a result of transcription. This has, for example, been demonstrated for the splicing regulatory protein CELF1 (CUGBP, Elav-like family member 1; also called CUGBP1 or Brunol2). CELF1 protein levels are increased in animal models of myotonic dystrophy (DM) [20] owing to an increase in the phosphorylation and stability of CELF1, thereby leading to an overall increase in its steady-state levels [21] . This protein-stabilizing phosphorylation is attributable to increased protein kinase C (PKC) activity in DM cells [21] . Strikingly, increased protein stability is not the only mechanism for regulating CELF1 expression; it is regulated also by miRNAs during heart development [22] . Such combinatorial control of protein expression underscores the idea that precise modulation of regulatory protein expression is crucial to maintain appropriate splicing patterns required for cellular function.
Interestingly, signaling pathways can promote protein stability and can induce protein turnover. Several recent papers suggest that signal-induced protein degradation is a common mechanism to decrease expression of a splicing regulator in order to shift splicing patterns. One example comes from DNA damage-induced changes in splicing of Drosophila Taf1 (TBP-associated factor 1) (Figure 1) . A screen for factors that modulate alternative splicing in response to the chemotherapeutic agent camptothecin (CPT) identified the SR-related protein Transformer-2 (Tra2) as a key regulator in this pathway [23, 24] . Tra2 is downregulated upon treatment with CPT in a manner that is independent of new protein synthesis. Crucially, loss of Tra2 protein, as well as the DNA damage-induced change in splicing, could be prevented by treatment with the proteasome inhibitor MG132. These results suggest a role for the proteasome in regulating Tra2 protein levels and, in turn, alternative splicing of Taf1. Further support for this model came from an experiment in which the alteration of a potential ubiquitylation site within Tra2 conferred partial resistance to CPT-induced Tra2 degradation.
Recently, two examples have been published in which regulated protein degradation is a determining factor of The basic joining of exons and removal of introns is catalyzed by a macromolecular complex called the spliceosome [47] . The precise sites of cleavage and ligation are determined by binding of various subunits of the spliceosome to sequence elements at the exon and intron boundaries in a pre-mRNA; namely, the 5' splice site, the branch point sequence, a pyrimidine-rich track and the 3' splice site. However, mammalian splice sites are poorly conserved and are typically not sufficient to bind the spliceosome with high affinity. Proteins bound to non-splice site sequences within the exon or intron can influence the efficiency of spliceosomal binding via mechanisms that include, but are not limited to, spliceosomal recruitment or steric hindrance [48, 49] . Sequences that promote spliceosomal recognition of an exon are called exonic or intronic splicing enhancers (ESE or ISE; Figure I , green boxes), whereas sequences that are required to inhibit recognition of the exon are called splicing silencers (ESS or ISS; Figure I , red boxes). Members of the ubiquitously expressed SRSF protein family typically bind enhancers to promote exon inclusion (green ovals), whereas members of the hnRNP family of proteins typically repress exon usage via silencer elements (red ovals). Other splicing regulators, such as the FOX, CELF, neuro-oncological ventral antigen (NOVA) and muscleblind-like (MBNL) proteins are more tissue-restricted and function equally as repressors and enhancers of splicing through mechanisms that are still largely undefined. Most transcripts that have been studied contain multiple ISE/ESEs and ISS/ESSs and are bound by multiple regulatory proteins that can antagonize the function of each other directly or indirectly ( Figure I ). Therefore, subtle changes in the balance of expression or binding of individual regulatory proteins can frequently alter the ratio of mRNA isoform expression. 
Box 2. Post-translational modification of splicing proteins
Splicing regulatory proteins are subject to modification by phosphorylation, acetylation, methylation, sumolylation and hydroxylation, although in many cases the modifying enzymes and/or functional consequence are not fully established [4, 26, [50] [51] [52] . The best characterized modification is the phosphorylation of the extensive Arg-Ser dipeptides found within SR proteins [26] . For example, AKT-mediated phosphorylation of sites on SFRS1 (also called ASF/SF2 or SRp30a) alters the activity of this protein in fibronectin [53] and caspase-9 alternative splicing [54] . SR proteins are also direct substrates for members of the SRPK family and CLK family of dual-specificity kinases. Interestingly, each of these three kinase families phosphorylates distinct serine residues on SR proteins, with differing functional consequences [26] . The activity of these kinases is also presumably countered by phosphatases, with at least protein phosphatase 1 (PP1) being known to act on SR proteins [55] . Given that both cycles of phosphorylation and dephosphorylation are required for SR protein function, the balance of kinase and phosphatase activity is crucial in the promotion of splicing. The hnRNP proteins, as well as other non-SR splicing factors, are also subject to extensive post-translational modifications [51] . Protein arginine methyltransferases (PRMTs) modify many of the RGG box-containing hnRNPs [56] , and PKA, casein kinase II and MNK1/2 phosphorylate hnRNP I (PTB), hnRNP C and hnRNP A1, respectively [31, [57] [58] [59] . Additional kinases, including phosphoinositide-3-kinase (PI3K), CaMKIV, ATM and ATR also modulate splicing; however, whether these proteins directly modify splicing factors, or function indirectly, has yet to be determined.
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DNA damage-induced apoptosis in human cells. One case involves the regulated acetylation and stability of the SR protein SRSF2 (also called SC35 or SRp30b) [25] . Acetylation of SRSF2 on Lys52 in its RNA-binding domain was found to inhibit RNA binding and to promote its proteasomal degradation. Interestingly, acetylation of SRSF2 was attributed to the competing activities of the acetyl transferase TIP60 and the deacetylase HDAC6. Treatment of cells with DNA-damaging agents such as cisplatin inhibited TIP60 expression, thereby decreasing acetylation of SRSF2 and resulting in increased stability and expression of the protein [25] . Furthermore, TIP60 regulates the activity of SRSF2 by controlling nuclear translocation of the SR kinases SRPK1 and SRPK2, which induce phosphorylations on SR proteins that control their localization and activity [26] . Thus, cisplatin-induced loss of TIP60 leads to the accumulation of non-acetylated, phosphorylated SRSF2, which in turn promotes splicing of caspase-8 to the proapoptotic isoforms [25] . Together, this work provides an exciting example of how post-translational modifications and regulated proteasomal degradation of a splicing factor together promote apoptosis in response to DNA damage. Cisplatin and oxaliplatin also control splicing of the BCLX gene to favor the generation of the proapoptotic Xs over the antiapoptotic XL form [27] . Formation of the proapoptotic BCL-Xs isoform upon DNA damage requires a pathway involving ataxia telangiectasia mutated (ATM), CHK2, p53 and tyrosine phosphatases, and a cis-regulatory element in the affected BCLX exon termed SB1. Interestingly, earlier work showed that SB1 mediates PKC-induced repression of BCL-Xs. Therefore, the PKC and ATM pathways appear to have opposite effects on the same regulatory event. The finding that pharmacological inhibition of the proteasome abrogates the formation of the smaller BCL-X isoform, induced by either DNA damage or PKC inhibition, led to the suggestion that these pathways converge on a regulatory protein stabilized in its phosphorylated form and prone to proteasomemediated degradation in its non-phosphorylated state [27] . Therefore, this work provides another example of how regulation of the proteasome can act as a prominent step in signal-induced alternative splicing. Whether the splicing factor regulated by ATM and/or PKC is SRSF2, CELF1 or some additional target of regulated degradation remains to be determined. Interestingly, the splicing of BCL-X is also switched toward the smaller isoform in response to ceramide signaling through effects on the core splicing factor spliceosome-associated protein 155 (SAP155) [28] . Thus, BCL-X provides a clear example of how a single gene can be regulated downstream of multiple distinct signaling pathways via convergent and/or unique mechanisms.
Moving RNA-binding proteins
As an alternative to altering protein stability, some splicing events are controlled by signal-induced changes in the localization or accessibility of crucial regulatory proteins. Because many RNA-binding proteins (e.g. members of the SR and hnRNP families) shuttle between the nucleus and the cytoplasm, it is not surprising that some signaling pathways accomplish splicing regulation by controlling the nuclear-cytoplasmic distribution of splicing regulatory proteins [4] . For example, as mentioned above SRPK1 intracellular distribution is highly regulated. Indeed, two studies have shown that different SRPK1 regulatory Review 8 proteins, TIP60 [25] and the heat shock protein (HSP) co-chaperones HSP40 and activator of the heat shock 90 kDa protein ATPase homolog 1 (AHA1) [29] , can regulate the nuclear translocation of SRPK1 and, therefore, the phosphorylation of SRSF2. In the latter study [29] , SRPK1 is sequestered in the cytoplasm by interaction with the heat shock protein complex under normal conditions, but is released upon osmotic shock and translocates into the nucleus. Once in the nucleus, SRPK1 induces hyperphosphorylation of several SR proteins, which in turn alters their activity on downstream target genes [26] and causes changes in splicing patterns. hnRNP proteins also exhibit signal-responsive changes in localization. The best documented example is hnRNP A1, which is sequestered in the cytoplasm in response to osmotic shock through phosphorylation by the MAP kinase interacting serine/threonine kinases, MNK1/2. This phosphorylation of hnRNP A1 blocks its association with the nuclear transport factor KAPB2, thus preventing its nuclear import [30, 31] . Given the antagonistic relationship between hnRNP A1 and SR proteins, it is interesting to note that osmotic stress has an opposite effect on the nuclear localization of SRPK1 and hnRNP A1, suggesting that the reciprocal movement of these two proteins might amplify their differential effects on splicing. Regulation of hnRNP A1 nuclear transport has also been proposed to explain the increase in hnRNP A1 expression and RNAbinding that can drive a subset of alternative splicing events upon neuronal depolarization [10] . Finally, it is worth emphasizing that in the aforementioned phosphorylation-dependent regulation of CELF1, some conditions stabilize only nuclear, and not cytoplasmic, CELF1 [21] , thus further highlighting the importance of compartmentspecific modifications and localization patterns of modifying enzymes.
Changing partners: modulating splicing through altered protein interactions Recently, a new mechanism of signal-induced change in protein function was demonstrated in the regulation of CD45 alternative splicing in response to T cell activation (Figure 2) . Some of the antigen-induced skipping of CD45 exons is attributable to the increased expression of hnRNPLL, as described above; however, the multifunctional RNA-binding protein PSF also is necessary [16] . PSF binds CD45 RNA only in activated cells but, curiously, neither the nuclear-cytoplasmic distribution nor the abundance of PSF changes between cells grown under resting or stimulated conditions [16] . Further investigation revealed that Thr687 of PSF is differentially phosphorylated in resting and activated T cells through the signal-regulated activity of glycogen synthase kinase-3 (GSK3) [32] . Strikingly, the phospho-T687 form of PSF associates tightly with thyroid-hormone receptor-associated protein 150 (TRAP150), which in turn prevents PSF-RNA binding. Upon T cell activation, GSK3 activity is reduced and de novo protein synthesis leads to gradual replacement of T687-phosphorylated PSF with the non-phosphorylated form, which is not bound by TRAP150 and thus is able to participate in CD45 exon exclusion [32] . In resting T cells, the RNAbinding protein PSF is phosphorylated (P) by GSK3 and forms a tight complex with TRAP150. In this complex, PSF is unable to bind CD45 RNA and therefore does not participate in splicing regulation. (ii) Upon T cell activation by antigen (Ag) binding to the T cell receptor (TCR), GSK3 activity decreases due to an inhibiting phosphorylation. This leads to accumulation of newly translated, hypophosphorylated PSF that is not bound to TRAP150 and thus is recruited to the CD45 exon silencer to increase exon exclusion in activated T cells. hnRNP LL also contributes to increased CD45 exon exclusion in activated T cells. hnRNP LL mRNA and protein levels increase upon T cell activation, thus providing an example of a splicing regulator that is controlled by signal-induced changes in transcription.
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Trends in Biochemical Sciences August 2011, Vol. 36, No. 8 Exactly how phosphorylation of PSF regulates its association with TRAP150 and why this interaction inhibits RNA-binding remain to be determined, but this system presents a mechanism distinct from altered expression or localization as a means to control the accessibility and functionality of a splicing regulatory protein. It is noteworthy that GSK3 has been implicated in TAU exon 10 splicing and in the phosphorylation of SRSF2 [33] , thus suggesting a broader role of GSK3-mediated signaling events in controlling alternative splicing through pathways in addition to its control of PSF. Moreover, a recent study of neuronal depolarization also hints at a model of regulated accessibility. hnRNP L binds calcium/calmodulin-dependent protein kinase IV (CaMKIV)-responsive elements (CaRREs) to control depolarization-induced splicing events [34] . CaMKIV signaling increases hnRNP L-CaRRE binding without any apparent change in total nuclear expression [34] . Because CaMKIV also changes hnRNP L phosphorylation concomitant with binding, altered protein interactions might control hnRNP L accessibility, similar to that observed with PSF control. However, other mechanisms have not been ruled out, including the possibility that phosphorylation directly alters the affinity of hnRNP L for the CaRRE RNA.
A further example for signal-modified protein-protein interaction has been shown for the alternative splicing of the E3 ubiquitin ligase murine double minute-2 (MDM2) in response to DNA damage [35] . MDM2 controls p53 levels by targeting it for proteasomal degradation. Upon genotoxic stress, several Mdm2 exons are skipped, thereby reducing functional MDM2 protein levels and allowing the accumulation of p53. Exon inclusion in Mdm2 is regulated cotranscriptionally, which has been linked to an interaction between the DNA polymerase II (Pol II) complex and the splicing machinery via Ewings sarcoma breakpoint region 1 (EWS1) and Y-box binding protein 1 (YB1), as depletion of either protein increases Mdm2 exon skipping in a way that mimics DNA damage. Specifically, EWS is part of the Pol II complex and is thought to recruit the spliceosome via an interaction with the splicing factor YB1, so as to facilitate the inclusion of exons with suboptimal splice sites. Consistent with the reduction of Mdm2 exon inclusion upon genotoxic stress, treatment with CPT to induce DNA damage reduces the EWS-YB1 interaction, thus rendering spliceosome recruitment and splicing less efficient. Notably, loss of the EWS-YB1 interaction by depletion of EWS and/or YB1 alters Mdm2 splicing as well as the splicing of at least five other genes that are regulated in response to DNA damage [35] . Therefore, the model of regulated protein interaction mediating signal-induced changes in splicing is probably a widespread phenomenon and we have seen only the tip of the iceberg.
Pol II modifications and chromatin structure: regulating splicing cotranscriptionally An increasing number of studies have demonstrated functional cross-talk between transcription and splicing. For example, numerous RNA-binding proteins, such as SR proteins and Sam68, can interact with the Pol II complex or transcription factors to facilitate their recruitment to nascent RNA [36] [37] [38] . Alternatively, altering the speed of Pol II, for example by changed chromatin structure or differential Pol II phosphorylation, can influence kinetically driven choices in splicing by allowing time for a weak exon to be bound by the spliceosome [39] .
Given the extent to which signaling pathways are known to influence transcription, it is not surprising that co-transcriptional regulation of splicing is frequently modulated in response to signaling events. The DNA damageinduced regulation of MDM2 provides an example of how transcription-coupled splicing can be influenced by altering the efficiency of Pol II-mediated recruitment of splicing factors [35] . Similarly, at least two other mechanisms of signal-induced changes in Pol II elongation rates leading to alternative splicing patterns have been uncovered recently.
In a case of signaling pathways directly altering the speed of Pol II elongation, a recent study demonstrated that p53-independent hyperphosphorylation of the Pol II C-terminal domain (CTD) in response to UV-induced DNA damage led to a slower elongation rate and affected the splicing of key apoptotic regulators such as caspase-9 and BCLX ( Figure 3 ) [40] . This effect on splicing was strictly cotranscriptional and amino acid substitutions in the CTD that either mimic or prevent phosphorylation also mimicked or prevented the effect of UV treatment, respectively, thus providing compelling evidence for this model. Even though Pol II is subjected to proteasome-mediated degradation after DNA damage, the cotranscriptional splicing regulation observed here seemed to be solely dependent on the phosphorylation, and not the ubiquitylation, of Pol II, thus setting the mechanism apart from the DNA damageinduced protein stability pathways discussed above. In addition, large-scale analysis of UV-treated and control cells showed an overlay between genes with reduced transcription and genes with altered splicing patterns [40] , pointing to a concerted regulation of many pre-mRNAs in the response to DNA damage.
Studies of neuronal depolarization revealed another mechanism for regulation of co-transcriptional splicing (Figure 3) . A study investigating neural cell adhesion molecule 1 (NCAM1) exon 18 skipping upon depolarization, found that histone modifications changed around the alternatively spliced exon in a way that increases chromatin accessibility [41] . This was accompanied by enhanced Pol II processivity, which in the model of kinetic coupling favors exon exclusion; indeed, exon exclusion was observed in this NCAM1 system. Further supporting this model, Trichostatin A, a drug widely used to alter histone acetylation, induced consistent splicing changes, and the expression of a slow Pol II mutant strongly increased exon inclusion, thus linking Pol II processivity with splicing [41] .
Feedback loops in signal-induced alternative splicing Thus far we have described multiple mechanisms by which DNA damage, T cell activation and neuronal depolarization alter splicing, emphasizing that cells invoke complex and tight control of alternative splicing in response to changing cellular conditions to regulate protein expression and cellular function precisely. Consistently, in order to maintain homeostasis cells need to turn off induced splic-
Trends in Biochemical Sciences August 2011, Vol. 36, No. 8 ing programs once conditions return to baseline (e.g. repolarization of neurons, clearance of antigen, DNA repair, etc). One mechanism to reset gene expression is to interrupt the signaling cascade by removal or inactivation of the initiating receptors or signaling molecules themselves. Indeed, many receptors, kinases and phosphatases undergo signal-induced alternative splicing in an autoinhibitory manner. For example, alternative splicing of CD45 in response to T cell activation attenuates the sensitivity of the cell to further antigen stimulation [42] . Similarly, extracellular signal-regulated kinase-1 (ERK1), the FYN proto-oncogene and protein tyrosine kinase 2 beta (PYK2), which all encode kinases involved in propagating T cell signaling, undergo alternative splicing in response to T cell activation to reduce expression, modulate substrate specificity or alter localization patterns [17] .
An alternative approach to resetting the splicing profile is to induce expression of an antagonistic regulatory factor. Exactly such a mechanism is seen upon neuronal chronic depolarization ( Figure 4) [43]. As described above, neuronal depolarization results in widespread changes in splicing, in many cases involving increased skipping of exons Figure 3 . Signal-induced changes in Pol II processivity regulate cotranscriptional splicing. In the kinetic coupling model, alternative splicing can be regulated by the speed of RNA polymerase II (Pol II; red oval) such that a slower polymerase leaves the spliceosome more time to recognize exons with suboptimal splice sites (light gray box), thus increasing inclusion. (a) A model for DNA damage-induced alternative splicing of several apoptotic regulators showed that phosphorylation (P) within the C-terminal domain (CTD, red wavy line) of Pol II leads to reduced Pol II speed and changed patterns of alternative splicing [40] . (b) Another mechanism to change Pol II processivity has been seen in neurons. Depolarization leads to loosening of the chromatin structure by changing the acetylation (Ac) of specific histones (purple ovals). This allows for increased Pol II elongation rates and leads to a consistent change in NCAM1 alternative splicing [41] .
Trends in Biochemical Sciences August 2011, Vol. 36, No. 8 that are regulated by CaRREs [9] . Interestingly, some of these CaRRE-repressed exons are once again included upon prolonged depolarization. This reversion of splicing pattern is attributable to CaMK-induced alternative splicing of FOX1, which encodes an RNA-binding protein [43] . FOX1 controls the splicing patterns of numerous genes implicated in synaptic activity. Importantly, many genes regulated by CaRREs also contain a FOX1 binding site, which typically exerts an opposite effect on exon inclusion as does the CaRRE sequence. Strikingly, nuclear localization of FOX1 is dependent on skipping of exon 19, which itself is repressed upon CaMK signaling. Therefore, neuronal depolarization represses CaRRE-regulated exons and generates a FOX1 isoform that migrates efficiently to the nucleus. Once at sufficient concentration in the nucleus, FOX1 antagonizes the activity of the CaRRE to restore exon inclusion [43] . This work thus provides an elegant example of the complexity of splicing networks that can exist downstream of individual stimuli and the importance of fully understanding the program of induced splicing events and cross-talk between such events in order to delineate programmed changes in alternative splicing and to predict how specific signaling pathways will impact protein expression within a cell.
Timing issues
One final point raised by the FOX1 feedback loop is the issue of timing in alternative splicing regulation. For many, if not most, of the examples of signal-induced alternative described here, the splicing changes are most readily observed hours or days following stimulation. This is in striking contrast to the minute-to-hour time scale in which signal-induced protein modification or transcription is typically studied. In some cases this delay in alternative splicing stems from the inherent time required for protein degradation and/or de novo synthesis. Such delays can be biologically important 'timers', as in the case of FOX1 feedback to CaRRE-regulated exons, or changes in CD45 splicing to attenuate T cell responsiveness [43, 44] . However, even in cases in which modifications to the relevant regulatory protein are manifest quickly, alterations in splicing are observed more slowly than instances of induced transcription due to the half-life of the pre-existing RNA. For example, even a complete switch in isoform expression in an RNA with a typical half-life of 4 h will be observed as, at most, a 50% change if bulk message is assayed 4 h after stimulation. For RNAs with a longer halflife or a smaller splicing change, this issue of residual message has an even larger impact. Therefore, a 12 h delay between stimuli and splicing change might not indicate a complex, indirect signaling pathway (as is sometimes implied) but rather be a result of a highly stable message.
Concluding remarks
In summary, we present here an overview of recent progress in uncovering the mechanisms by which signaling pathways impinge on alternative splicing regulation. Far from a simple one mechanism fits all, signaling pathways can alter the stability, expression, interaction partners and/or location of a splicing regulatory protein so as to alter the splicing pattern of their target genes. This review is not intended to be fully comprehensive, rather our goal is to provide an indication of where the field is heading in the hopes of encouraging further study in this area as clearly there remains much to be learned. Most of the mechanisms we describe here have been observed thus far to regulate only one or two genes. More global studies are therefore needed to catalog the full scope of alternative splicing that occurs downstream of a given stimulus or pathway. Moreover, we need to understand how many divergent mechanistic pathways are triggered by a single stimulus. For example, T cell signaling induces the PSF-hnRNPLL regulatory program described above [15, 17] and it activates at least two other splicing regulatory mechanisms that regulate a non-overlapping set of exons [45, 46] . Similarly, DNA damage triggers multiple splicing-relevant pathways as delineated above. Therefore, even once we know the profile of splicing changes triggered by a particular stimuli, dissecting specific regulatory pathways and ultimately being able to predict which genes are regulated by a given pathway will require significantly more investigation, and will keep researchers busy for much time to come.
